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Abstract: Fucoxanthin, a natural carotenoid, is abundant in seaweed with antioxidant 
properties. This study investigated the role of fucoxanthin in the induction of antioxidant 
enzymes involved in the synthesis of reduced glutathione (GSH), synthesized by 
glutamate-cysteine ligase catalytic subunit (GCLC) and glutathione synthetase (GSS), via 
Akt/nuclear factor-erythroid 2-related (Nrf2) pathway in human keratinocytes (HaCaT) and 
elucidated the underlying mechanism. Fucoxanthin treatment increased the mRNA and 
protein levels of GCLC and GSS in HaCaT cells. In addition, fucoxanthin treatment promoted 
the nuclear translocation and phosphorylation of Nrf2, a transcription factor for the genes 
encoding GCLC and GSS. Chromatin immune-precipitation and luciferase reporter gene 
assays revealed that fucoxanthin treatment increased the binding of Nrf2 to the antioxidant 
response element (ARE) sequence and transcriptional activity of Nrf2. Fucoxanthin treatment 
increased phosphorylation of Akt (active form), an up-regulator of Nrf2 and exposure to 
LY294002, a phosphoinositide 3 -kinase (PI3K)/Akt inhibitor, suppressed the 
fucoxanthin-induced activation of Akt, Nrf2, resulting in decreased GCLC and GSS 
expression. In accordance with the effects on GCLC and GSS expression, fucoxanthin 
induced the level of GSH. In addition, fucoxanthin treatment recovered the level of GSH 
reduced by ultraviolet B irradiation. Taken together, these findings suggest that 
fucoxanthin treatment augments cellular antioxidant defense by inducing Nrf2-driven 
expression of enzymes involved in GSH synthesis via PI3K/Akt signaling. 
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1. Introduction 

Oxidative stress is the most common cause of skin aging and can be effectively eliminated by 
the organism itself, pharmacological agents, and natural antioxidants. There are two theoretical 
methods to deal with these harmful stimuli, namely, early and delayed responses. Early responses 
rapidly remove reactive oxygen species (ROS) and free radicals via chemical reactions soon after their 
generation [1]. By contrast, delayed responses involve the expression of genes encoding antioxidant 
enzymes and proteins to reduce the generation of noxious substances [2]. Nuclear factor-erythroid 
2-related factor (Nrf2) is often the central signaling switch that modulates the activation of phase II 
bio-transferase/antioxidant enzymes, which include glutamate-cysteine ligase catalytic subunit (GCLC) 
and glutathione synthetase (GSS) [3,4]. As an extremely important antioxidant, GSH, which is 
synthesized by GCLC and GSS [5,6], not only scavenges free radicals [7], but also maintains the 
redox-sensitive active sites of many enzymes from an oxidized form to a reduced form [8]. Therefore, 
the correct balance between reduced GSH and oxidized GSH is required for cellular homeostasis [9]. 

Genes that encode antioxidant enzymes, such as GCLC and GSS, contain an antioxidant responsive 
element (ARE) in their promoter region [3]. Transduction of the ARE sequence-containing genes 
encoding GCLC and GSS mainly occurs via activation of Nrf2 protein [10]. Nrf2 is a transcription 
factor that detects variation in oxidative stress within cells [11] and induces the transcription of its 
target genes by binding to the ARE in their promoters. The target genes of Nrf2 include many 
antioxidant and phase II detoxifying genes [12], including those encoding GCLC and GSS. The 
synthesis of GSH catalyzed by GCLC and GSS via up-regulation of Nrf2 is associated with protection 
of cells against oxidative stress [13]. 

Fucoxanthin is a major carotenoid found in edible brown seaweeds [14] and contains several 
functional groups, including an unusual allenic bond, a conjugated carbonyl group, and an acetyl 
group [15]. Fucoxanthin has antioxidant, anti-cancer, anti-obesity, anti-diabetic, and anti-photoaging 
activities [16-20]. We previously reported that fucoxanthin reduced levels of ROS, inhibited DNA 
damage, restored mitochondrial membrane potential, and suppressed apoptosis [21]. In the present 
study, we examined whether fucoxanthin could increase the level of GSH by inducing GCLC and GSS 
expression via the Akt/Nrf2 pathway. 

2. Results 

2.1. Fucoxanthin Increases Expression of GCLC and GSS at the mRNA and Protein Levels 

HaCaT cells were treated with various concentrations of fucoxanthin for 12 h. The mRNA levels of 
GCLC and GSS in fucoxanthin-treated cells increased, demonstrating that 20 (oM of fucoxanthin 
caused the maximal induction both in GCLC and GSS expression (Figure 1A). Next, HaCaT cells were 
treated with 20 \xM fucoxanthin for various amounts of time. The mRNA levels of GCLC and GSS 
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were highest at 12 h of treatment (Figure IB). Furthermore, when HaCaT cells were treated with various 
concentrations of fucoxanthin for 12 h, the protein levels of GCLC and GSS increased, exhibiting that 
20 uJVI of fucoxanthin induced maximal in GCLC and GSS expression (Figure 1C). Treatment with 
20 uJVI of fucoxanthin for 12 h markedly increased the protein levels of GCLC and GSS (Figure ID). 
These results indicate that fucoxanthin treatment increases expression of GCLC and GSS at both the 
mRNA and protein levels. 



Figure 1. Effects of fucoxanthin treatment on the mRNA and protein expression of 
glutamate-cysteine ligase catalytic subunit (GCLC) and glutathione synthetase (GSS) in 
HaCaT cells. Cells were incubated with various concentrations of fucoxanthin (0-20 uJVI) 
for various amounts of time (0-24 h). The mRNA levels of GCLC and GSS were detected 
by reverse transcription-PCR (RT-PCR) following treatment (A) with various concentrations 
of fucoxanthin for 12 h; and (B) with 20 uJVI fucoxanthin for various amounts of time. The 
protein levels of GCLC and GSS were detected by Western blotting following treatment 
(C) with various concentrations of fucoxanthin for 12 h; and (D) with 20 uJVI fucoxanthin 
for various amounts of time. * and * indicates significantly different from control of GCLC 
and GSS, respectively (p < 0.05). 

Fucoxanthin 



10 



20 uM 



350 bp 



806 bp 



649 bp 




20 uM 



Fucoxanthin 
(A) 



Mar. Drugs 2014, 12 



4217 



Figure 1. Cont. 

Fucoxanthin 



12 



GCLC 



GAPDH 



GCLC 



10 



24 h 



350 bp 




6 12 24 h 



Fucoxanthin 

(B) 

Fucoxanthin 



20 uM 



70 kDa 



GSS 



(3- Act in 




2.0 



S 1.5 



o 1.0 



<o 0.5 - 



0.0 



GCLC 



52 kDa 
42 kDa 




10 



20 |JM 



Fucoxanthin 
(C) 



Mar. Drugs 2014, 12 



4218 



Figure 1. Cont. 
Fucoxanthin 




0 3 6 12 24 h 



Fucoxanthin 

(D) 

2.2. Fucoxanthin Induces Activation ofNrf2 and Enhances Binding ofNrf2 to the ARE in the 
Promoters of the GCLC and GSS Genes 

The genes encoding GCLC and GSS have an ARE sequence in their promoter regions. Nrf2 is an 
important transcription factor that regulates ARE-driven expression of these genes [22]. We examined 
whether fucoxanthin treatment activated Nrf2, resulting in the up-regulation of these enzymes. Fucoxanthin 
treatment increased protein levels of Nrf2 and phospho Nrf2 (active form) (Figure 2A), and resulted in 
the translocation of Nrf2 protein from the cytosol into the nucleus (Figure 2B). Moreover, chromatin 
immune-precipitation (ChIP) analysis revealed that binding of Nrf2 to the ARE in the promoters of the 
genes encoding GCLC and GSS was markedly increased in fucoxanthin-treated cells, as determined 
by comparison to binding of histone H3 as the internal control (Figure 2C). To verify the functional 
relevance of Nrf2 binding to the ARE sequence of these two genes, a construct was used that contained 
a promoter containing an ARE sequence (bearing the consensus Nrf2 -binding site) linked to a luciferase 
reporter gene. Fucoxanthin treatment increased the transcriptional activity of Nrf2 (Figure 2D). These 
results suggest that Nrf2 mediates fucoxanthin-induced transcription of GCLC and GSS. 
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Figure 2. Effects of fucoxanthin treatment on the expression, nuclear translocation, and 
antioxidant response element (ARE) sequence-binding activity of NrfZ. (A) Nuclear 
extracts were prepared from HaCaT cells following treatment with 20 uM fucoxanthin for 
the indicated amount of time. Western blotting of the nuclear lysates was performed using 
Nrf2 and phospho NrfZ antibodies. * and # indicates significantly different from NrfZ and 
phospho NrfZ of control, respectively (p < 0.05); (B) An anti-NrfZ antibody and 
a FITC-conjugated secondary antibody were used to detect NrfZ localization (green) by 
using confocal microscopy. DAPI staining indicates the locations of nuclei (blue). The 
merged images show the nuclear localization of NrfZ protein; (C) Nuclear extracts were 
prepared from HaCaT cells treated with 20 uJVI fucoxanthin for 6 h. A ChIP assay was 
performed to assess binding of NrfZ to the ARE in the promoters of the genes encoding 
GCLC and GSS; (D) Transcriptional activity of NrfZ in HaCaT cells following treatment 
with 20 uJVI fucoxanthin for 6 h was assessed by using luciferase reporter assay. 
* Significantly different from control cells. 
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Figure 2. Cont. 
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2.3. Fucoxanthin Involves Nrf2-Driven GCLC and GSS via Phosphorylation of Akt 



To further elucidate the up-stream signaling pathway involved in fucoxanthin-mediated activation 
of Nrf2 and induction of GCLC and GSS, we examined activation of Akt, which is a signaling enzyme 
that is involved in the phosphorylation and nuclear translocation of Nrf2 [23]. Activation of Akt 
by fucoxanthin was assessed by performing Western blotting with an antibody against phosphorylated 
Akt. Fucoxanthin treatment increased phosphorylation of Akt (Figure 3 A). A LY294002, phosphoinositide 
3-kinase (PI3K)/Akt inhibitor, specifically represses the phosphorylation of Akt [24]. This inhibitor 
reduced the fucoxanthin-induced phospho Akt expression (Figure 3B). Furthermore, this inhibitor 
suppressed the fucoxanthin-induced Nr£2, GCLC and GSS expression (Figure 3C,D). 
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Figure 3. Effects of fucoxanthin treatment on Akt and its related protein. (A) Cells 
were incubated with 20 uM fucoxanthin for various amounts of time (0-12 h). Cell lysates 
were prepared and Western blotting was performed with anti-Akt and anti-phospho 
Akt antibodies. * indicates significantly different from control cells (p < 0.05); After 
treatment with LY294002, cell lysates were subjected to electrophoresis (B) with anti-Akt, 
anti-phospho Akt. * indicates significantly different from control cells (p < 0.05) and 
# significantly different from fucoxanthin-treated cells (p < 0.05); (C) with anti-Nrf2 and 
anti-phospho Nrf2. * and ** indicates significantly different from Nrf2 and phospho Nrf2 
of control, respectively (p < 0.05), * and m indicates significantly different from Nrf2 and 
phospho Nrf2 of fucoxanthin-treated cells, respectively (p < 0.05); (D) with anti-GCLC and 
anti-GSS antibodies. * and ** indicates significantly different from GCLC and GSS of control, 
respectively (p < 0.05), # and m indicates significantly different from GCLC and GSS of 
fucoxanthin-treated cells, respectively (p < 0.05). 
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Figure 3. Cont. 
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2.4. Fucoxanthin Promotes the Synthesis of GSH Catalyzed by GCLC and GSS 



GSH is a tri-peptide formed via GCLC and GSS, and has powerful antioxidant effects against free 
radicals. GSH was detected by confocal microscopy using 7-amino-4-chloromethylcoumarin (CMAC), 
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a dye that specifically labels GSH. The fluorescence intensity of CMAC, indicative of the level of 
GSH, was notably higher in fucoxanthin-treated cells than in control cells (Figure 4A). Consistently, 
fucoxanthin increased the concentration of GSH, as determined by a GSH detection kit (Figure 4B). 
To evaluate whether fucoxanthin induced GSH production to protect cells against ultraviolet B 
(UVB)-induced oxidative stress, cells were pretreated with fucoxanthin and then exposed to UVB 
irradiation. The level of GSH was reduced by UVB exposure, and this decrease was significantly 
restored in cells pretreated with fucoxanthin (Figure 4C,D). These data suggest that fucoxanthin 
partially recovers the reduction of GSH induced by UVB. 

Figure 4. Effect of fucoxanthin on the level of reduced glutathione (GSH). The level of 
GSH was assessed in cells treated with 20 jaM fucoxanthin for 12 h by (A) performing 
confocal microscopy after CMAC staining and (B) using a GSH detection kit. * indicates 
significantly different from control (p < 0.05). The level of GSH in UVB-treated HaCaT 
cells incubated for 12 h, with or without pretreatment with 20 \iM fucoxanthin, was 
detected by (C) performing confocal microscopy after CMAC staining and (D) using a GSH 
detection kit. * indicates significantly different from control (p < 0.05) and significantly 
different from UVB-irradiated cells (p < 0.05). 
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3. Materials and Methods 

3.1. Materials 

Anti-TATA-binding protein (TBP) and anti-phospho Nrf2 antibodies were purchased from Abeam, 
Inc. (Cambridge, MA, USA). Anti-Nrf2, anti-Akt, and anti-phospho Akt antibodies were purchased 
from Cell Signaling Technology (Beverly, MA, USA). Fucoxanthin, anti-GCLC and anti-GSS antibodies 
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). [3-(4,5-Dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium] bromide (MTT) and an anti-[3-actin antibody were purchased from Sigma-Aldrich 
Chemical Company (St. Louis, MO, USA). Cell Tracker™ Blue CMAC was purchased from 
Molecular Probes (Eugene, OR, USA). LY294002 was provided by Calbiochem (San Diego, CA, 
USA). All other chemicals and reagents were of analytical grade. 

3.2. Cell Culture 

The human keratinocyte cell line HaCaT was supplied by Amore Pacific Company (Gyeonggi-do, 
Korea) and maintained at 37 °C in an incubator with a humidified atmosphere of 5% CO2 and 95% air. 
Cells were grown in RPMI 1640 medium containing 10% fetal calf serum, streptomycin (100 ug/mL), 
and penicillin (100 units/mL). 

3.3. Reverse Transcription-PCR (RT-PCR) 

Total RNA was isolated from cells using the easy-BLUE™ total RNA extraction kit (iNtRON 
Biotechnology Inc., Seongnamsi, Korea). cDNA was amplified using 1 uL of reverse transcription 
reaction buffer, primers, dNTPs, and 0.5 U of Taq DNA polymerase in a final volume of 20 uL. 
The PCR conditions were initial denaturation at 94 °C for 5 min, followed by 26 cycles of 94 °C for 30 s, 
63 °C for 45 s, and 72 °C for 1 min, and a final elongation step at 72 °C for 7 min. The following primers 
were used: human GCLC, forward (5'-AACCAAGCGCCATGCCGACC-3') and reverse (5'-CCTCC 
TTCCGGCGTTTTCGC-3'); human GSS, forward (5'-GCCCCATTCACGCTCTTCCCC-3') and 
reverse (5'-ATGCCCGGCCTGCTTAGCTC-3'); human GAPDH, forward (5 '-TC AAGTGGGGCGA 
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TGCTGGC-3') and reverse (5'-TGCCAGCCCCAGCGTCAAAG-3'). The amplified products were 
mixed with blue/orange 6 x loading dye, resolved by electrophoresis on a 1% agarose gel, stained with 
RedSafe™ nucleic acid staining solution (iNtRON Biotechnology Inc., Seongnamsi, Korea), and 
photographed under UV light using Image Quant™ TL analysis software (Amersham Biosciences, 
Uppsala, Sweden). 

3.4. Western Blot Analysis 

Cells were lysed on ice for 30 min in 100 jxL lysis buffer (120 mM NaCl, 40 mM Tris (pH 8), and 
0.1% NP-40) and centrifuged at 13,000x g for 15 min. Supernatants were collected and the protein 
concentrations were determined. Aliquots containing 40 \xg of protein were boiled for 5 min and 
electrophoresed on 10% SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose membranes, 
which were subsequently incubated with a primary antibody overnight at 4 °C. The membranes were 
further incubated with horseradish peroxidase-conjugated anti-immunoglobulin-G (Pierce, Rockford, 
IL, USA). Protein bands were detected using an enhanced chemiluminescence western blotting 
detection kit (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). 

3.5. Immunocytochemistry 

Cells at a density of 1.0 x 10 5 cells/mL were seeded into a 4-well chamber slide. After incubation 
for about 16 h, cells were exposed to 20 jjM fucoxanthin for a further 6 h. Subsequently, cells were 
fixed with 1% paraformaldehyde for 30 min and then washed three times with phosphate -buffered 
saline (PBS) for 5 min each time. Cells were permeabilized with PBS containing 1% Triton X-100 
for 30 min and then washed with PBS. Cells were blocked with PBS containing 5% bovine serum 
albumin for 1 h at 37 °C, and then treated with an anti-Nrf2 antibody diluted in blocking medium 
(1:125 dilution) overnight. To visualize the primary anti-Nrf2 antibody, cells were treated with 
a FITC-conjugated secondary antibody (1:125) for 2 h. After washing with PBS, stained cells were 
mounted onto microscope slides in mounting medium containing DAPI (Vector, Burlingame, CA, 
USA). Images were collected using the LSM 510 program on a Zeiss confocal microscope. 

3.6. ChIP Assay 

Cells were processed using the SimpleChIP® enzymatic chromatin IP kit (Cell signaling technology, 
Beverly, MA, USA) according to the manufacturer's instructions. Briefly, proteins were cross-linked to 
DNA by adding 1% formaldehyde to the culture dishes and rocking on a platform for 10 min at room 
temperature. The cross-linking was stopped by the addition of glycine solution. Cells were washed 
twice with ice-cold PBS, pelleted by centrifugation, and re-suspended in 1 mL cell lysis buffer 
containing protease inhibitors. Soluble chromatin was sheared by sonication and then centrifuged at 
15,000 x g. Diluted supernatants were pre-cleared and blocked with protein A/G agarose, and the 
sonicated chromatin-DNA complex was precipitated overnight with the antibodies of interest. Bound 
DNA was eluted by incubating the beads in elution buffer, purified, and amplified using primers 
flanking the Nrf2 -binding site within the promoters of the genes encoding human GCLC and GSS. The 
oligonucleotide containing the transcription factor-binding site of the GCLC and GSS promoter was 



Mar. Drugs 2014, 12 



4226 



obtained from Bioneer (Seoul, Korea). The ChIP procedure was analyzed by PCR using human GCLC 
and GSS promoter-specific primers as follows: GCLC, forward (5 '- ATCTCC ACGGTCC AGGTT-3 ') 
and reverse (5'-CTCCCTCACCCTATCCATTT-3'); GSS, forward (5 '-CTGGGAATAACC AGAC A 
CCTA-3') and reverse (5 '-CAGGTTC AAGCAATTCTCCTG-3 '). The cycle parameters were as 
follows: initial denaturation at 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 
and 72 °C for 30 s, and a final extension at 72 °C for 7 min. The amplified products were resolved by 
electrophoresis on a 3% agarose gel, stained with RedSafe™ nucleic acid staining solution, and 
photographed under UV light using Image Quant™ TL analysis software. 

3. 7. Luciferase Reporter Assay 

HaCaT cells were transiently transfected with 0.5 jog of the luciferase reporter and 0.2 \ig of the 
ARE expression vector using Lipofectamine™ 2000 (Invitrogen Corporation, Carlsbad, CA, USA). 
Co-transfection with 0.02 (j,g of pRL-TK Renilla reniformis luciferase served as a normalizing control. 
Luciferase assays were performed using the dual luciferase assay system (Promega, Madison, WI, USA). 

3.8. Detection of GSH 

For image analysis of GSH, cells were seeded in four-well chamber slides at a density of 
1 x 10 5 cells/mL. Sixteen hours after plating, cells were treated with 20 \iM fucoxanthin and then 
irradiated with UVB 1 h later. After 12 h, 10 jj,M of CMAC was added to each well, and samples were 
incubated for an additional 30 min at 37 °C. After washing with PBS, the stained cells were mounted 
onto a chamber slide in mounting medium. Images were collected on a confocal microscope using the 
LSM 5 PASCAL software (Carl Zeiss, Jena, Germany). In addition, the GSH concentration was 
measured using a BIOXYTECH GSH-400 assay kit (Foster City, CA, USA). 

3.9. Statistical Analysis 

All measurements were performed in triplicate and all values are expressed as the mean ± of the 
standard error. The results were subjected to an analysis of variance followed by Tukey's test to analyze 
differences between means. In each case, a p value less than 0.05 was considered statistically significant. 

4. Conclusions 

In this study, we demonstrated that fucoxanthin induced activation of nucleus Nrf2 via PI3K/Akt, 
which in turn activated the transcription of ARE-driven GCLC and GSS genes, leading the synthesis 
of antioxidant GSH. We recently reported that fucoxanthin did not show toxic effect on HaCaT cells at 
20 |j,M and this concentration prevented cells against oxidative damage [21]. Therefore, we chose the 
same concentration to examine the effect of fucoxanthin on GSH induction in the present study. 

GSH is an important biological antioxidant and has diverse functions in nutrient metabolism [25], 
gene expression, and DNA/protein synthesis [26], and particularly in eliminating oxidants [27]. GSH is 
formed from glutamate, cysteine, and glycine in a reaction that is catalyzed by two cytosolic enzymes, 
namely, GCLC and GSS [6]. The GSH is associated with the inhibition of tumor cell growth [28], 
prevention of apoptosis [29], and reduced inflammation [30]. In this study, fucoxanthin increased 
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the mRNA and protein expression of GCLC and GSS (Figure 1). Nrf2, a major transcription factor of 
antioxidant enzymes, is tightly controlled by a master regulator Keap-1. Keap-1 has a high affinity 
for Nrf2 owing to its cysteine residues that form a covalent bond with Nrf2 [31]. Subsequently, Nrf2 
signaling is switched off by Keap-1 -mediated ubiquitination and degradation of Nrf2 [32]. However, 
the phospho form of Nrf2 can translocate into nucleus [33]. 

The nuclear Nrf2 recognizes the ARE sequence within the promoters of its target genes [34], and 
binding of Nrf2 to ARE sequences stimulates the transcription of genes that are involved in cellular 
defense. As shown in data, the phosphorylated Nrf2 expression was induced by fucoxanthin treatment 
(Figure 2A,B). The Nrf2 then binds to ARE sequence in GCLC and GSH promoters, which was assessed 
by ChIP assays (Figure 2C). The increased Nrf2 binding ability to ARE sequence in fucoxanthin-treated 
cells led to the increased transcriptional activity of Nrf2 (Figure 2D). These results indicated that 
fucoxanthin promotes release of Nrf2 from Keap-1 and subsequent translocation to nucleus, which 
induced the synthesis of GSH by enhancing expression of GSS and GCLC through interaction between 
Nrf2 and ARE sequence. It recently reported that fucoxanthin enhanced heme oxygenase- 1 and 
NAD(P)H:quinone oxidoreductase 1 expression via activation of Nrf2/ARE system [35]. The 
phosphorylation of Nrf2 plays a pivotal role in its nuclear accumulation, and this phosphorylation can 
occur via Akt pathways [36]. Akt is a classic signal -transducing protein which can activate the primary 
cellular defense mechanism Nrf2/ARE in skin cells [37]. In our study, fucoxanthin treatment increased 
the level of phosphorylated Akt, which is the active form of this kinase (Figure 3A) and could elevate 
the nuclear level of Nrf2 (Figure 2A). Furthermore, LY294002, a specific inhibitor of PI3K/Akt, 
significantly suppressed the active form of Akt (Figure 3A) which resulted in reduction of Nrf2 
accumulation, following decreased protein expression of GSS and GCLC (Figure 3B-D). In addition, 
working in concert with the effects of fucoxanthin on GSS and GCLC expression, the amount of GSH 
was increased in fucoxanthin-treated cells, as indicated by the increased fluorescence intensity of 
CMAC (Figure 4A) and the increased concentration of GSH (Figure 4B). In our system, UVB irradiation, 
an inducer of oxidative stress, suppressed the GSH level. However, treatment with fucoxanthin prior to 
UVB damage partially mitigated the reduction in GSH levels (Figure 4C,D). 

In conclusion, fucoxanthin substantially increased the mRNA and proteins levels of GCLC and 
GSS in human keratinocytes, and these effects were dependent on the nuclear translocation of Nrf2 
following its phosphorylation by the protein kinase Akt. In addition, this study demonstrates that the 
Akt/Nrf2 pathway plays an essential role in the mechanism underlying the effects of fucoxanthin. 
Taken together, one of the major ways by which fucoxanthin treatment prevents or eliminates 
oxidative damage is to enhance the Akt/Nrf2/GSH-dependent antioxidant response. 

Acknowledgments 

This work was supported by the National Research Foundation of Korea Grant funded by the 
Korean Government (MEST) (NRF-C1ABA00 1-201 1-0021037). 

Author Contributions 

Jian Zheng designed the research, performed the experiments, and wrote the manuscript. 
Mei Jing Piao and Ki Cheon Kim analyzed some data. Cheng Wen Yao and Ji Won Cha gave the 



Mar. Drugs 2014, 12 



4228 



advice on some experiments. Jin Won Hyun designed the research, analyzed and interpreted data, 
drafted the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Halliwell, B. Biochemistry of oxidative stress. Biochem. Soc. Trans. 2007, 35, 1147-1150. 

2. Surh, Y.J.; Kundu, J.K.; Na, H.K. Nrf2 as a master redox switch in turning on the cellular 
signaling involved in the induction of cytoprotective genes by some chemopreventive phytochemicals. 
PlantaMed. 2008, 74, 1526-1539. 

3. Wu, K.C.; Liu, J.J.; Klaassen, CD. Nrf2 activation prevents cadmium-induced acute liver injury. 
Toxicol. Appl. Pharmacol. 2012, 263, 14-20. 

4. Harvey, C.J.; Thimmulappa, R.K.; Singh, A.; Blake, D.J.; Ling, G.; Wakabayashi, N.; Fujii, J.; 
Myers, A.; Biswal, S. Nrf2-regulated glutathione recycling independent of biosynthesis is critical 
for cell survival during oxidative stress. Free Radic. Biol. Med. 2009, 46, 443-453. 

5. Yang, Y.; Chen, Y.; Johansson, E.; Schneider, S.N.; Shertzer, H.G.; Nebert, D.W.; Dalton, T.P. 
Interaction between the catalytic and modifier subunits of glutamate-cysteine ligase. 
Biochem. Pharmacol. 2007, 74, 372-381. 

6. Wu, G.; Fang, Y.Z.; Yang, S.; Lupton, J.; Turner, N.D. Glutathione metabolism and its 
implications for health. J. Nutr. 2004, 134, 489-492. 

7. Fang, Y.Z.; Yang, S.; Wu, G. Free radicals, antioxidants, and nutrition. Nutrition 2002, 18, 
872-879. 

8. Filomeni, G.; Rotilio, G.; Ciriolo, M.R. Cell signalling and the glutathione redox system. 
Biochem. Pharmacol. 2002, 64, 1057-1064. 

9. Clement, M.V.; Ponton, A.; Pervaiz, S. Apoptosis induced by hydrogen peroxide is mediated by 
decreased superoxide anion concentration and reduction of intracellular milieu. FEBS Lett. 1998, 
440, 13-18. 

10. Pi, J.; Zhang, Q.; Woods, C.G.; Wong, V.; Collins, S.; Andersen, M.E. Activation of Nrf2-mediated 
oxidative stress response in macrophages by hypochlorous acid. Toxicol. Appl. Pharmacol. 2008, 
226, 236-243. 

11. Marrot, L.; Jones, C; Perez, P.; Meunier, J.R. The significance of Nrf2 pathway in (photo)-oxidative 
stress response in melanocytes and keratinocytes of the human epidermis. Pigment Cell 
Melanoma Res. 2008, 21, 79-88. 

12. Kensler, T.W.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via 
the Keapl-Nrf2-ARE pathway. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89-116. 

13. Eggler, A.L.; Gay, K.A.; Mesecar, A.D. Molecular mechanisms of natural products in 
chemoprevention: Induction of cytoprotective enzymes by Nrf2. Mol. Nutr. Food Res. 2008, 52, 
84-94. 



Mar. Drugs 2014, 12 



4229 



14. Sugawara, T.; Baskaran, V.; Tsuzuki, W.; Nagao, A. Brown algae fucoxanthin is hydrolyzed to 
fucoxanthinol during absorption by Caco-2 human intestinal cells and mice. J. Nutr. 2002, 132, 
946-951. 

15. Yan, X.; Chuda, Y.; Suzuki, M.; Nagatat, T. Fucoxanthin as the Major Antioxidant in 
Hifikia fusiformis, a Common Edible Seaweed. Biosci. Biotechnol. Biochem. 1999, 63, 605-607. 

16. Hu, T.; Liu, D.; Chen, Y.; Wu, J.; Wang, S. Antioxidant activity of sulfated polysaccharide 
fractions extracted from Undaria pinnitafida in vitro. Int. J. Biol. Macromol. 2010, 46, 193-198. 

17. Das, S.K.; Hashimoto, T.; Kanazawa, K. Growth inhibition of human hepatic carcinoma HepG2 
cells by fucoxanthin is associated with down-regulation of cyclin D. Biochim. Biophys. Acta 2008, 
1780, 743-749. 

18. Woo, M.N.; Jeon, S.M.; Shin, Y.C.; Lee, M.K.; Kang, M.; Choi, M.S. Anti-obese property of 
fucoxanthin is partly mediated by altering lipid-regulating enzymes and uncoupling proteins of 
visceral adipose tissue in mice. Mol. Nutr. Food Res. 2009, 53, 1603-161 1. 

19. Maeda, H.; Hosokawa, M.; Sashima, T.; Miyashita, K. Dietary combination of fucoxanthin 
and fish oil attenuates the weight gain of white adipose tissue and decreases blood glucose in 
obese/diabetic KK-Ay mice. J. Agric. Food Chem. 2007, 55, 7701-7706. 

20. D'Orazio, N.; Gemello, E.; Gammone, M.A.; de Girolamo, M.; Ficoneri, C; Riccioni, G. 
Fucoxantin: A treasure from the sea. Mar. Drugs 2012, 10, 604-616. 

21. Zheng, J.; Piao, M.J.; Keum, Y.S.; Kim, H.S.; Hyun, J.W. Fucoxanthin protects cultured 
human keratinocytes against oxidative stress by blocking free radicals and inhibiting apoptosis. 
Biomol. Ther. 2013, 21, 270-276. 

22. Nguyen, T.; Huang, H.C.; Pickett, C.B. Transcriptional regulation of the antioxidant response 
element Activation by Nrf2 and repression by MafK. J. Biol. Chem. 2000, 275, 15466-15473. 

23. Nakaso, K.; Yano, H.; Fukuhara, Y.; Takeshima, T.; Wada-Isoe, K.; Nakashima, K. PI3K is a 
key molecule in the Nrf2-mediated regulation of antioxidative proteins by hemin in human 
neuroblastoma cells. FEBS Lett. 2003, 546, 181-184. 

24. Vlahos, C.J.; Matter, W.F.; Hui, K.Y.; Brown, R.F. A specific inhibitor of phosphatidylinositol 
3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-l-benzopyran-4-one (LY294002). J. Biol. Chem. 1994, 
269, 5241-5248. 

25. Chen, J.S.; Huang, P.H.; Wang, C.H.; Lin, F.Y.; Tsai, H.Y.; Wu, T.C.; Lin, S.J.; Chen, J.W. Nrf-2 
mediated heme oxygenase- 1 expression, an antioxidant- independent mechanism, contributes to 
anti-atherogenesis and vascular protective effects of Ginkgo biloba extract. Atherosclerosis 2011, 
214, 301-309. 

26. Ogasawara, Y.; Takeda, Y.; Takayama, H.; Nishimoto, S.; Ichikawa, K.; Ueki, M.; Suzuki, T.; 
Ishii, K. Significance of the rapid increase in GSH levels in the protective response to cadmium 
exposure through phosphorylated Nrf2 signaling in Jurkat T-cells. Free Radic. Biol. Med. 2014, 
69, 58-66. 

27. Sies, H. Glutathione and its role in cellular functions. Free Radic. Biol. Med. 1999, 27, 916-921. 

28. Kudugunti, S.K.; Vad, N.M.; Ekogbo, E.; Moridani, M.Y. Efficacy of caffeic acid phenethyl ester 
(CAPE) in skin B16-F0 melanoma tumor bearing C57BL/6 mice. Investig. New Drugs 2011, 29, 
52-62. 



Mar. Drugs 2014, 12 



4230 



29. Zhou, B.R.; Yin, H.B.; Xu, Y.; Wu, D.; Zhang, Z.H.; Yin, Z.Q.; Permatasari, F.; Luo, D. Baicalin 
protects human skin fibroblasts from ultraviolet A radiation-induced oxidative damage and 
apoptosis. FreeRadic. Res. 2012, 46, 1458-1471. 

30. Bolfa, P.; Vidrighinescu, R.; Petruta, A.; Dezmirean, D.; Stan, L.; Vlase, L.; Damiane, G.; Catoia, C; 
Filip, A.; Clichici, S. Photoprotective effects of Romanian propolis on skin of mice exposed to 
UVB irradiation. Food Chem. Toxicol. 2013, 62, 329-342. 

31. Cullinan, S.B.; Gordan, J.D.; Jin, J.; Harper, J.W.; Diehl, JA. The Keapl-BTB protein is an 
adaptor that bridges Nrf2 to a Cul3-based E3 ligase: Oxidative stress sensing by a Cul3-Keapl 
ligase. Mol. Cell. Biol. 2004, 24, 8477-8486. 

32. McMahon, M.; Thomas, N.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Redox-regulated turnover of 
Nrf2 is determined by at least two separate protein domains, the redox-sensitive Neh2 degron and 
the redox-insensitive Neh6 degron. J. Biol. Chem. 2004, 279, 31556-31567. 

33. Apopa, P.L.; He, X.; Ma, Q. Phosphorylation of Nrf2 in the transcription activation domain by 
casein kinase 2 (CK2) is critical for the nuclear translocation and transcription activation function 
of Nrf2 in IMR-32 neuroblastoma cells. J. Biochem. Mol. Toxicol. 2008, 22, 63-76. 

34. Jaiswal, A.K. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic. 
Biol. Med. 2004, 36, 1199-1207. 

35. Liu, C.L.; Chiu, Y.T.; Hu, M.L. Fucoxanthin enhances HO-1 and NQOl expression in murine 
hepatic BNL CL. 2 cells through activation of the Nrf2/ARE system partially by its pro -oxidant 
activity. J. Agric. Food Chem. 2011, 59, 1 1344-1 1351. 

36. Martin, D.; Rojo, A.I.; Salinas, M.; Diaz, R.; Gallardo, G.; Alam, J.; Ruiz de Galarreta, CM.; 
Cuadrado, A. Regulation of heme oxygenase- 1 expression through the phosphatidylinositol 
3 -kinase/ Akt pathway and the Nrf2 transcription factor in response to the antioxidant 
phytochemical carnosol. J. Biol. Chem. 2004, 279, 8919-8929. 

37. Rodriguez, K.J.; Wong, H.K.; Oddos, T.; Southall, M.; Frei, B.; Kaur, S. A purified Feverfew 
extract protects from oxidative damage by inducing DNA repair in skin cells via a 
PI3-kinase-dependentNrf2/ARE pathway. J. Dermatol. Sci. 2013, 72, 304-310. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



